Context: Thyroid nodules are increasingly recognized in children and are associated with a greater risk for thyroid cancer compared with adults. Thyroid ultrasound is the favored tool for evaluation of thyroid nodules; however, there are limited data regarding the accuracy of thyroid ultrasound to confirm features associated with a low risk of thyroid cancer in children.
T he incidence of thyroid nodules and cancers in children and adolescents has increased over the past 30 years (1-3). The annual incidence of thyroid cancer has increased by 3.74% per year in all children, with the majority of cases being identified in adolescent female patients (4) . Although thyroid nodules are generally associated with a low risk of malignancy in adults (;5% to 10%), the risk of malignancy is significantly higher in children (22% to 26%) (5, 6) . Nonetheless, most thyroid nodules in children are benign.
Thyroid ultrasound is the principal tool for risk stratification of thyroid nodules. Although ultrasound features that suggest malignancy are well recognized, there are sparse data to confirm which nodules have a low risk of representing thyroid cancer for which biopsy and surgery could be reasonably avoided. Large studies in adults have demonstrated a low risk for thyroid cancer in nodules with partially cystic composition and isoechoic echogenicity combined with the absence of high-risk features (e.g., calcifications, infiltrative borders, tallerthan-wide shape, and extrathyroidal extension). The American Thyroid Association (ATA) guidelines for evaluation of thyroid nodules in adults recognize combinations of ultrasound features associated with low (,10%) risk of thyroid cancer and support withholding thyroid nodule biopsy until the nodule exceeds 1.5 cm in maximal dimension (7, 8) . No such risk stratification strategy has been identified in children, so fine needle aspiration (FNA) biopsy is routinely recommended for children with solid or partially cystic thyroid nodules $1 cm in maximal diameter or any size nodule with any suspicious features (1) .
Current data regarding ultrasound evaluation of thyroid nodules in children are limited by small numbers, variability in ultrasound protocols and technologies, referral bias, potential bias from nonblinded evaluation of ultrasounds, and a lack of assessment of reliability of ultrasound interpretation between radiologists (5, (9) (10) (11) (12) (13) (14) . These limitations undermine confidence in the predictive ability of thyroid ultrasonography in children.
This study was designed to examine the diagnostic accuracy of thyroid ultrasonography with color flow Doppler in a large cohort of children analyzed by experienced radiologists blinded to the subjects' clinical information. Our primary objective was to determine whether any ultrasound features alone or in combination could be associated with a low enough risk of malignancy (,10% risk) to allow for the same conservative approach currently practiced in adults. Additionally, we sought to determine the reliability of thyroid ultrasound features between expert radiologists.
Materials and Methods
We performed a retrospective cohort study including all children (defined as age #18 years) diagnosed with a thyroid nodule in the Children's Hospital of Philadelphia medical system between January 2009 and March 2013 who underwent adequate clinical follow-up to determine whether the nodule was malignant. The protocol was reviewed and approved by the Children's Hospital of Philadelphia institutional review board.
Subjects were identified through a system-wide search based on completion of a neck ultrasound (CPT 76536) for any reason and were considered for inclusion if chart review confirmed the presence of a thyroid nodule. Review of the ultrasound images and medical record was performed to confirm that subjects had a thyroid nodule $0.5 cm. Clinical follow-up was considered adequate if any of the following were achieved: (1) surgical pathology; (2) FNA biopsy consistent with a benign lesion plus follow-up including ultrasound imaging without evidence of substantial growth (.20% increase in maximal dimension) or new suspicious features for $12 months; or (3) clinical follow-up including ultrasound imaging without evidence of substantial growth (.20% increase in maximal dimension), no new suspicious sonographic features, and no clinical suspicion of malignancy for $12 months.
Study data were collected and managed using REDCap electronic capture tools hosted at the University of Pennsylvania. Ultrasound image sets (including dynamic images when available) were manually extracted and coded (ShowCase 5.0; Trilium Technology, Inc., Ann Arbor, MI) to remove identifiers. Two blinded radiologists with expertise in adult and pediatric thyroid ultrasonography evaluated the image sets independently. One radiologist reviewed all images for the study, and the acquired data were used for the primary analysis. Reliability of ultrasound interpretation was determined by duplicating a random selection of images (30%) for review by the primary radiologist and the second radiologist. Consistent with realworld experience, disagreements between reports were not reconciled.
Statistical analysis
Data analysis was performed using Stata 12.1 (StataCorp, College Station, TX). A P value of ,0.05 was considered statistically significant, and two-sided tests were used. Group differences in subjects with thyroid carcinoma and subjects with benign lesions were determined using Wilcoxon rank sum or Kruskall-Wallis as indicated. Differences in proportions were assessed using Fisher's exact test or x 2 test as indicated. Reliability was assessed through use of Cohen's k. Based on our power calculations and on the expectation of a prevalence of malignancy of 30%, 149 subjects would be required to provide 90% power to detect an inferior negative predictive value of 90% with a = 0.05. Data were analyzed in a bivariate logistic regression model with adjustment for clustering within individuals. Variables that were clinically important or found to be statistically significant in bivariate modeling were included in a multivariable logistic regression model with adjustment for clustering; backward deletion was used to determine the variables that affected the final model. The final model was validated by a sensitivity analysis. Variables were further analyzed in isolation and in combination to determine their sensitivity, specificity, negative predictive value, and positive predictive value with 95% confidence intervals (CIs). Predictive modeling was accomplished with multivariable logistic regression modeling and receiver operator curve analysis.
Results
A total of 3069 children received neck ultrasounds during the study period. The most common indications were cervical lymphadenopathy, cellulitis, salivary gland enlargement, vascular imaging, and neck masses. A total of 417 (13.6%) subjects were reported to have thyroid nodules, and 152 subjects with 241 unique thyroid nodules met criteria for inclusion in the study (Fig. 1) . Of these subjects, 93 (61.2%) were diagnosed with benign thyroid nodules, and 59 (38.8%) were diagnosed with thyroid cancer (Table 1) . Eighty-five subjects (55.9%) were diagnosed with a thyroid nodule in our hospital system, and the remainder of subjects were referred externally. The median age was 14.2 6 3.8 years, and 121 (79%) were female. The majority (72.7%) of subjects were white and were asymptomatic at the time of diagnosis. Seventeen subjects (11.3%) had a history of cancer, and 16 (10.5%) had received total body irradiation or craniospinal or mediastinal radiation therapy prior to being diagnosed with thyroid nodules; no increased prevalence of thyroid cancer was seen in these subjects. Two subjects had received radioactive iodine ablation therapy for hyperthyroidism, and neither had thyroid cancer. The majority (59.2%) of subjects had a positive family history of thyroid disease, 18 (12.8%) had a positive family history of thyroid cancer, and 55 (39.3%) had a positive family history of nonthyroidal cancer; none of these historical features was significantly associated with final diagnosis of thyroid cancer in the subjects.
Thyroid nodules were most commonly (64.5%) identified on palpation by the physician, a family member, or the subject; the remainder (35.5%) were found incidentally during unrelated imaging studies. Physical examination by a physician in our center identified a palpable nodule in 91 subjects (59.9%) and palpable cervical lymphadenopathy in 31 subjects (20.3%). The median thyroid-stimulating hormone value was 1.25 mIU/L (interquartile range, 1.55), and 36 subjects (35.3%) had positive antithyroid autoantibodies. There were no significant baseline differences in the characteristics between patients with benign and malignant thyroid nodules except for the distribution of race (P = 0.04) and the presence of palpable cervical lymphadenopathy (P = 0.01).
The endpoint of the study was achieved based on surgical pathology in 110 (72.4%) of subjects, by FNA biopsy followed by observation in 28 (12.3%) of subjects, and by observation without biopsy in 24 (15.3%) subjects.
Ultrasound findings
Ultrasound images identified 241 unique thyroid nodules. Data were complete for 236 nodules; 80 (33.8%) of these nodules were confirmed to be thyroid cancer (Table 2) . A single nodule was identified in 94 (61.8%) subjects, 27 (17.8%) subjects had two nodules, and 31 (20.4%) subjects had three or more nodules. There was no association between the number of nodules and the risk of malignancy. The median maximal dimension of thyroid nodules was 1.6 6 1.7 cm; benign thyroid nodules were smaller (1.5 6 1.4 cm) than malignant thyroid nodules (2.0 6 1.7 cm). Thyroid nodule size $1 cm was associated with an increased odds ratio (OR) for thyroid cancer (OR, 1.78; 95% CI, 1.15 to 2.75).
Thyroid nodule composition was #25% cystic in 152 (64%) nodules, and 68 (44.7%) of these nodules were malignant. Conversely, .25% cystic composition was observed in 84 nodules, and 12 (14.3%) of these nodules were malignant. Thyroid nodules with #25% cystic composition were found to harbor 91.4% of observations of nonisoechoic echogenicity, 96.7% of observations of infiltrative/microlobulated margins, and 91.5% of observations of calcifications in the population. Altogether, #25% cystic composition identified 85% of thyroid cancer cases in the study and was associated with a significant increase in the OR for thyroid cancer (OR, 3.46; 95% CI, 1.96 to 6.09).
Thyroid nodule echogenicity was isoechoic in 93 (39.4%) nodules, and 13 (13.9%) of these nodules were malignant. Hypoechoic echogenicity was observed in 87 (36.9%) nodules, and 40 (45.9%) of these were malignant. Thirty-five nodules demonstrated hyperechoic echogenicity, and 16 nodules demonstrated mixed hypoechoic/ hyperechoic echogenicity; 16 (45.7%) and 10 (62.5%) of these nodules, respectively, were malignant. The majority of high-risk ultrasound features were seen in nodules with nonisoechoic echogenicity, including 94.9% of infiltrative/microlobulated margin observations, 94.1% of extrathyroidal extension observations, and 84.5% of calcification observations. The presence of nonisoechoic echogenicity identified 83.8% of thyroid cancer cases in the study and was associated with a significantly increased OR for thyroid cancer (OR, 3.91; 95% CI, 2.18 to 7.01).
Thyroid nodule margins were sharply defined or noninfiltrative in 177 (75%) nodules, and 38 (21.4%) of these nodules were malignant. Infiltrative or microlobulated margins were seen in 58 (24.7%) nodules, and 41 (70.7%) of these were malignant. The presence of infiltrative or microlobulated margins was associated with a significantly increased OR for malignancy (OR, 5.58; 95% CI, 2.79 to 11.18).
Taller-than-wide structure on transverse imaging was seen in 33 (13.9%) nodules, and 16 (51.5%) of these nodules were malignant. Calcifications were present in 70 (29.8%) nodules, and 48 (68.6%) of these nodules were malignant. Extrathyroidal extension was described in 16 (6.8%) nodules, and 13 (81.3%) of these nodules were malignant. Each of these features was associated with a marked increase in OR for thyroid carcinoma (Table 2) .
Intrarater reliability was found to be excellent for thyroid nodule size (k = 1.0; P , 0.001), nodule composition (k = 0.8; P , 0.001), and calcifications (k = 0.86; P , 0.001), whereas it was moderate for nodule echogenicity (k = 0.57; P , 0.001), nodule margins (k = 0.57; P , 0.001), and Doppler flow (k = 0.58; P , 0.001).
Interrater reliability was variable, with excellent agreement for nodule size (k = 0.96; P , 0.001), good agreement for nodule composition (k = 0.79; P , 0.001) and Doppler flow (k = 0.77; P , 0.001), moderate agreement for extrathyroidal extension (k = 0.4, P , 0.001), fair agreement for nodule margins (k = 0.34; P , 0.001) and calcifications (k = 0.39; P = 0.002), and poor agreement for nodule echogenicity (k = 0.19; P = 0.003).
Using a multivariable logistic regression model including all ultrasound features and accounting for clustering within subjects and statistical interaction between calcifications and Doppler flow patterns, we found that nonisoechoic echogenicity (P = 0.019) and extrathyroidal extension (P = 0.01) remained statistically significant predictors of thyroid cancer in children. A prespecified sensitivity analysis revealed that these features were 
Receiver operator curve analysis
The clinical utility of ultrasound features for prediction of thyroid cancer was evaluated in bivariable and multivariable models (Figure 2 ; Table 3 ). Numerous patterns of features were observed in the sample, and this significantly affected the predictive value of each feature. Optimal sensitivity was found in #25% cystic thyroid nodule composition (85%; 95% CI, 75. 3 
Discussion
The diagnostic evaluation of thyroid nodules in children has thus far been limited to cohorts of children at increased risk of thyroid cancer due to exposure to radiation (10) or associated with referral to tertiary care centers for care (5, 9) . Analysis of these data has been limited by small numbers of observations, a lack of a rigorous review of primary imaging data (9), a lack of assessment of reliability of radiology interpretation (5), and reconciliation of disagreements between radiologists (13, 14) . This study was designed to address these limitations, and the principle question we sought to answer was whether thyroid ultrasound could reliably identify thyroid nodules in children associated with a low (,10%) risk of thyroid cancer so that biopsy may be avoided.
This study contains the largest and most rigorous primary evaluation of thyroid nodules in children thus far reported. By using a broad case-finding strategy, we recruited most of our subjects from the local population of the tertiary care center, and the majority of subjects had no known risk factors for thyroid nodules or thyroid cancer. We believe that this strategy was effective because of the diversity of subjects recruited and because the study met the prespecified recruitment goal by evaluating images obtained over the course of 4.25 years, compared with .10 years required by other large pediatric studies (5, 9) . This short recruitment phase also allowed for greater consistency in ultrasound protocol and technology.
Once children were identified to have thyroid nodules, they received further evaluation at the direction of a dedicated pediatric thyroid center within the hospital system, which included either observation or diagnostic procedures. Although this was considered a strength during the design of the study, it introduced an important limitation in that children with low-risk ultrasound features were given appropriate reassurance and were less likely to complete follow-up, making them ineligible for inclusion in this study. Conversely, children with more concerning ultrasound features were more likely to complete the recommended follow-up and could be included in the study. This ascertainment bias resulted in a relatively high prevalence of thyroid cancer in our population, although the prevalence is similar to what has been reported by other groups (1, 5, 10, 15) .
The greatest strength of this study is the rigorous evaluation of ultrasound image data in every subject. Although ultrasound features were evaluated by two expert radiologists, the analysis was based on features reported by a single radiologist, as would occur in a practical clinical setting. This strategy prevented a bias toward overestimation of the reliability and accuracy of the ultrasound when taken out of the research environment. Consistent with the findings of other groups, we observed substantial variation in the interpretation of ultrasound features between reviewers (6, 12, 13) . In particular, we found fair-to-poor agreement in features such as nodule echogenicity, nodule margins, taller-thanwide shape, calcifications, and extrathyroidal extension. The reliability of imaging reporting was not assessed in other large studies of pediatric thyroid nodules, and this represents a practical challenge when relying on written thyroid ultrasound reports for research or patient care. These challenges are further compounded considering the variation in the completeness of thyroid and neck ultrasound image acquisition and reports that are produced outside of dedicated thyroid centers. Ultrasound findings such as infiltrative/microlobulated margins, calcifications, taller-than-wide appearance, and extrathyroidal extension were highly predictive of thyroid cancer, as has been reported (5, 6, 10, 11, 13) . Although these features were quite specific for thyroid cancer, their utility was limited by a low number of observations and resultant poor sensitivity. Conversely, nodule size $1 cm, #25% cystic composition, nonisoechoic echogenicity, and increased Doppler flow were very sensitive for thyroid cancer but were also nonspecific.
Evaluation of combinations of features in a multivariable logistic regression model confirmed that all of the ultrasound features were important. However, we also found that the high degree of correlation between ultrasound features limited the predictive value of individual features. Combinations of ultrasound features, however, were quite useful in stratifying the odds of thyroid cancer in children. Thyroid nodule composition and echogenicity were closely associated with the presence of high-risk ultrasound features and were found to be favorable targets for risk stratification.
Thyroid nodule composition has been shown to be closely associated with risk of malignancy in adults (16, 17) , but most studies in children have not explored this. Gupta et al. (5) reported an increased prevalence of thyroid cancer in thyroid nodules with entirely solid composition and ,25% cystic composition (57% and 21%, respectively). In their study, #25% cystic composition identified 89.3% of thyroid cancers; this is in agreement with our findings. Thyroid nodule echogenicity has been closely associated with the risk of thyroid cancer in adults, but this pattern has not been consistently observed in pediatric studies. Lyshchik et al. (10) reported the prevalence of thyroid cancer to be 21% in children with isoechoic nodules, whereas the prevalence was 35% in children with nonisoechoic nodules. However, Mussa et al. (9) reported a 19% prevalence of thyroid cancer in nodules with isoechoic echogenicity, compared with 18.9% prevalence in nodules with nonisoechoic echogenicity. Our findings are in agreement with those of Lyshchik et al. (10) , and it is unclear why the findings of Mussa et al. (9) differ, although we speculate that the lack of primary ultrasound image review in the study by Mussa et al. could limit the reliability of their findings.
Although we found that both thyroid nodule composition and nonisoechoic echogenicity were associated with thyroid cancer, we found that radiologist report of thyroid nodule composition was substantially more reliable than echogenicity; this finding was recently corroborated (12) . Therefore, we conclude that thyroid nodule composition is the most important feature for initial risk stratification for a thyroid nodule in children.
The ATA guideline for evaluation of thyroid nodules in children recommends biopsy for thyroid nodules of any size with high-risk ultrasound features and in any solid or partially cystic thyroid nodule $1 cm in maximal dimension (1). This strategy is quite different from the ATA guideline for adults, which establishes size thresholds for biopsy based on the ultrasound features with an emphasis on three major components: the presence of high-risk ultrasound features (e.g., irregular margins, microcalcifications, taller-than-wide shape, and evidence of extrathyroidal extension), thyroid nodule composition, and echogenicity (8) . With this approach, nodules are assigned an estimated risk of malignancy, and those with lower risk would not undergo biopsy. Even nodules with high-risk features (.70% to 90% estimated risk of malignancy) would not undergo biopsy until the lesion was $1 cm in maximal dimension. Solid nodules with hypoechoic echogenicity (10% to 20% estimated risk of malignancy) would receive biopsy if they are $1 cm, whereas solid or partially cystic nodules of nonhypoechoic echogenicity (5% to 10% estimated risk of malignancy) would receive FNA biopsy if the nodule is $1.5 cm. Spongiform nodules and those with minimal solid content (,3% estimated risk of malignancy) could be monitored without biopsy. Comparison of our data with the ATA adult algorithm yields very different estimates of risk for thyroid cancer in children: 50% to 88% for highsuspicion patterns, 44.7% for solid or partially cystic hypoechoic nodules, 14% to 22% for isoechoic or hyperechoic nodules, and 14% for .25% cystic nodules. No ultrasound features alone or in combination were associated with a ,10% risk for thyroid cancer in children.
This study was designed to evaluate the accuracy of thyroid ultrasound in discerning benign from malignant thyroid nodules in children. The relatively high prevalence of thyroid cancer that we identified in our study made this very difficult, even though the study was powered to withstand this. The low prevalence of lowrisk features (e.g., an entirely cystic structure) in our sample limit our ability to draw conclusions about their effectiveness in excluding thyroid cancer. Further prospective studies are needed to confirm the true risk associated with these findings.
Limitations
This study was limited by referral bias, which was minimized by our inclusive case-finding approach as described above. There was no significant difference between the prevalence of thyroid cancer between children referred internally or externally (P = 0.66). We also performed sensitivity analyses for each statistical model, and there was no significant difference in findings based on the source of referral. Ascertainment bias also heavily affected our findings, resulting in a higher overall estimate of the prevalence of thyroid cancer, as discussed above. Additionally, the diagnosis of a benign thyroid nodule without surgical pathology is not conclusive, and it is possible that an indolent thyroid cancer may have been misclassified as benign.
Conclusion
Thyroid ultrasound is a powerful and important tool for the evaluation of thyroid nodules, but our analysis was unable to identify any combination of features associated with a "low suspicion" (,10% risk) of thyroid cancer in children. The lowest risk group for thyroid cancer appears to be children with thyroid nodules with .25% cystic composition, but even this group has a higher prevalence of malignancy than is observed in adults. This limitation is underscored by significant intra-and interobserver variability that can be expected even in expert hands. Current pediatric guidelines recommend biopsy of all solid or predominantly solid thyroid nodules $1 cm in diameter and nodules of any size with high-risk features; we were unable to identify any group for which reliance on ultrasound features alone was reliable to avoid biopsy.
